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The magnitude of PAP is influenced both by the methods used to evoke it and the characteristics of the muscle. Maximal (vs. submaximal) voluntary contractions lasting ϳ10 s cause the greatest PAP (30) . The most important muscle characteristic affecting PAP is fiber type. In small mammals, the extent of twitch potentiation is much more pronounced in fast-contracting muscles with a predominance of type II fibers (18) . In humans, the data correlating fiber type with PAP have not been consistent. For example, gastrocnemius, with a higher percentage of type II fibers, shows greater posttetanic twitch potentiation than soleus (28) , and, in the ankle dorsiflexors, subjects with shorter twitch contraction times (presumed to be associated with a higher percentage of type II fibers) have greater twitch potentiation (19) . In contrast, no correlation was found between PAP in knee extensors and the percentage of type II fibers in one knee extensor, vastus lateralis (25) .
In view of the contradictory findings in human muscle, the purpose of the present study was to reexamine the correlation between fiber-type distribution and PAP. We chose to study the knee extensors for three reasons. First, it is possible in this muscle group to measure twitch contraction time, an indirect measure of fiber-type distribution, and correlate it with PAP as we had done previously in the ankle dorsiflexors (19) . Furthermore, the PAP and twitch contraction time could be measured in the whole knee extensor muscle group. Second, one of the knee extensors, vastus lateralis, is amenable to the muscle biopsy technique, which would allow the correlation between PAP in the entire quadriceps femoris and fiber-type distribution in one of its constituent heads to be tested directly. Third, this was the muscle group in which in a previous study, in contradiction to observations in other muscles, no correlation was found between PAP and percentage of type II fibers (25) . The study was done in two phases. In the first phase, the correlation between PAP and twitch contraction time was tested in a group of 20 subjects. Our hypothesis was that, in agreement with our earlier study of ankle dorsiflexors (19) , PAP would be greater in muscles with shorter twitch contraction times. In the second phase of the study, the four subjects with highest and lowest PAP underwent needle biopsies of vastus lateralis for the determination of fiber-type distribution. This phase tested the hypothesis that the four subjects with the greatest PAP, compared with the four subjects with the lowest PAP, would have a greater percentage of type II fibers and shorter twitch contraction times.
METHODS

Subjects
Twenty men served as subjects. Their physical characteristics are given in Table 1 . The subjects were free of neuromus-
The costs of publication of this article were defrayed in part by the payment of page charges. The article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. cular disorders and participated in recreational activity 3-4 times per week. They were instructed to refrain from consuming caffeine in the 24 h preceding the experiment. Subjects participated with informed, written consent, and the study was approved by the McMaster University Ethics Committee.
Apparatus
The right knee extensors were tested in a custom-made dynamometer. The subject sat on the dynamometer with the back and thighs supported so that the thighs were in the horizontal plane with a trunk-thigh (hip) angle of 100°. Velcro straps across the middle and proximal thigh prevented extraneous movement. The lower leg was strapped to an aluminum plate, which was attached to a steel shaft whose axis was coincident with the axis of the subject's knee joint. The shaft-plate combination was adjusted to set the knee angle to 90°. The steel shaft was instrumented with a strain gauge that sensed the torque developed by isometric actions of the knee extensors. The signal from the strain gauge (sample rate of 3 kHz) was amplified and filtered, analog to digital (AD) converted (Model DI420, Dataq Instruments), and analyzed with both customized and ACODAS (Dataq Instruments) software on a IBM-compatible personal computer.
Stimulation and Electromyogram Recording
Twitch contractions of the right knee extensors (quadriceps femoris) were evoked by indirect percutaneous nerve stimulation. Before the stimulating electrodes were attached to the skin, electrode gel was applied to the contact surface. The underlying skin was prepared by shaving, sanding, and rubbing with isopropyl alcohol. Two carbon-impregnated rubber stimulating electrodes were used: the cathode (4 ϫ 4.7 cm) was placed on the skin over the femoral nerve in the inguinal crease, and the anode (4.5 ϫ 10 cm) was placed over the midportion of the thigh. The stimuli were rectangular voltage pulses of 200-µs duration, delivered from a stimulator (Devices 3072, Medical Systems). Ag/AgCl electromyographic (EMG) disposable recording electrodes (3.8 mm diameter) were applied to the skin over the belly of vastus medialis (stigmatic), ϳ20 mm distal and medial to the patella (reference), and on the posterolateral aspect of the thigh (ground). EMG signals were amplified (1,000ϫ) and filtered (10 Hz to 2 kHz). AD conversion and analysis were the same as for twitch torque (see above).
Protocol
After reporting to the laboratory, the subject sat resting for ϳ30 min before the right leg was placed in the apparatus. A maximum pre-MVC twitch response was elicited by delivering a series of single stimuli of increasing intensity until a plateau of twitch torque and muscle compound action potential (M wave) amplitude was obtained. The same stimulus intensity was used for subsequent twitches evoked after the MVC. Five minutes after the pre-MVC maximal twitch response was established, the subject performed a 10-s MVC. On the basis of previous research, the 10-s duration was considered optimal for inducing PAP of twitch peak force (30). At 5 s into the MVC, a stimulus was applied to assess the extent of motor unit activation (%MUA) according to the interpolated twitch method (3). Post-MVC twitch responses were evoked immediately (5 s) post-MVC, at 30 s post-MVC, and at 30-s intervals until 5 min post-MVC.
Measurements
MVC, twitch, and EMG responses were analyzed by a custom-designed, computer-based software program. Twitch measurements included peak torque, time to peak torque (TPT), and half-relaxation time (HRT). The peak-to-peak amplitude, duration, and area of the M wave associated with each twitch response were measured.
Muscle Fiber Characteristics
Of the 20 subjects, the four with the highest (HPAP) and the four with the lowest (LPAP) PAP immediately after a 10-s MVC were identified. Percutaneous needle biopsies were obtained from vastus lateralis of these eight subjects by using manual suction and under local anesthesia. Care was taken not to infiltrate the muscle fascia with lidocaine (2%, no epinephrine), and the needle was inserted 15 cm proximal to the lateral knee joint line and inserted 4.5 cm deep to the fascia. With the aid of a stereomicroscope, tissue was mounted on cork blocks (optimum cutting temperature embedding medium) with the fiber orientation perpendicular to the cork base so that cross sections could be cut and frozen in isopentane cooled in liquid nitrogen. Serial sections of 10-µm thickness were made in a cryostat (Ϫ40°C) and mounted on glass slides. The samples were then stained for myofibrillar ATPase after separate preincubations of pH 4.3, 4.6, and 10.3 according to the methods described by Brooke and Kaiser (5). Tissue sections were photographed under a light microscope, and measurements were made on projected slides. Crosssectional fiber areas were measured by using a custom-made computerized digitizer. Fiber-type distribution was determined by counting an average of 1,020 (range 600-1,640) fibers per subject, and fiber areas were measured on an average of 114 Ϯ 43, 103 Ϯ 18, and 87 Ϯ 33 type I, IIA, and IIB fibers, respectively.
Statistics
For the data obtained in all 20 subjects, a one-factor (time) repeated-measures ANOVA was used to test whether the 10-s MVC changed the twitch contractile properties and M-wave characteristics at the various time points post-MVC. When significant main effects were found, Tukey's post hoc test was used to determine significant differences between the preand post-MVC values. To compare the characteristics of the two subgroups of four subjects (LPAP and HPAP), a one-factor (between-group) ANOVA was used. To compare the PAP responses in the two subgroups, a two-factor (between-group, within-time) ANOVA was done on the percent changes from the pre-MVC values. When significant interactions were found, Tukey's post hoc test was used to determine significant differences between group mean values. Some measures were correlated with others by using the Pearson correlation (r). Statistical significance was set at P Յ 0.05. Descriptive statistics include mean and standard deviation (SD) or standard error (SE).
RESULTS
Observations in All 20 Subjects
Right knee extensor maximal isometric peak torque (i.e., MVC) and motor unit activation are given in Table  1 . Pre-MVC twitch contractile properties and M-wave characteristics are shown in Table 2 .
Post-MVC twitch contractile properties. Immediately (5 s) after the 10-s MVC, the PAP of twitch peak torque ranged from 34 to 114%, with a mean Ϯ SD of 70.6 Ϯ 22.5%. From the initial maximum, peak torque then rapidly declined but was still elevated (ϳ12%) above the pre-MVC value after 5 min (Fig. 1A) . By comparison, the immediate maximum potentiation of M-wave amplitude was much smaller (7 Ϯ 4%), and it was not significantly elevated beyond the first minute (Fig. 1A) . TPT and HRT showed initial decreases, followed by increases back to within a few percent of the pre-MVC values (Fig. 1B) .
Correlations. There was a significant negative correlation between PAP and TPT; that is, shorter TPT was associated with greater PAP (Fig. 2A) . In contrast, the correlation between PAP and HRT was not significant (Fig. 2B ). There was a significant negative correlation between PAP and pre-MVC twitch-to-MVC peak torque ratio (r ϭ Ϫ0.73, P Ͻ 0.001). There was a significant positive correlation between PAP and MVC peak torque expressed absolutely (r ϭ 0.48, P Ͻ 0.05), but, when peak torque was expressed per kilogram body mass, the correlation was not significant. There was no correlation between PAP and %MUA.
Comparison Between LPAP and HPAP Groups
The four subjects with the lowest (43 Ϯ 7%) and highest (104 Ϯ 11%) (P Ͻ 0.001) immediate (5 s) PAP formed the LPAP and HPAP groups, respectively. Their physical characteristics, strength performance, and motor unit activation are reported in Table 1 . There were no significant group differences in the physical characteristics, although on average HPAP subjects were ϳ10 cm taller and had ϳ10 kg greater body mass. HPAP had greater absolute MVC peak torque but not greater torque expressed relative to body mass. HPAP and LPAP did not differ significantly in %MUA during the MVC.
Pre-MVC twitch contractile properties and M-wave characteristics. As shown in Table 2 , LPAP had greater (22%) twitch peak torque, whereas HPAP had shorter TPT (29%). The groups did not differ significantly in HRT or M-wave characteristics. LPAP had a greater twitch-to-MVC peak torque ratio.
Muscle fiber characteristics. Table 3 shows that LPAP and HPAP did not differ significantly in type I fiber area of vastus lateralis; however, HPAP had greater type II (36%), IIA (32%), IIB (40%), and mean (I ϩ II, 23%) fiber areas and a greater II to I area ratio than LPAP. HPAP had a significantly greater percentage of type II, IIA, and IIB fibers as well as a greater percent type II fiber area.
Post-MVC twitch contractile properties. For representative subjects of the LPAP and HPAP groups, sample recordings of pre-and immediate (5 s) post-MVC twitch responses are shown in Fig. 3 . These representative subjects are characteristic of the group results, namely, LPAP's greater pre-MVC twitch peak torque, but HPAP's much greater amount of PAP. The group results for the amount of PAP of twitch peak torque are shown in Fig.  4A . HPAP had significantly greater PAP throughout the first 2.5 min of the 5-min testing period. In TPT and HRT, HPAP tended to show greater initial decreases post-MVC and generally lower values relative to the pre-MVC values (Fig. 4, B and C) ; however, only in TPT was there a significant group difference (Fig. 4B) .
Post-MVC M-wave characteristics. Sample pre-and post-MVC M-wave recordings are shown in Fig. 3 . HPAP had a greater general increase than LPAP in post-MVC M-wave amplitude (Fig. 5A) and area (Fig.  5C ), but not duration (Fig. 5B) , during the 5-min post-MVC period.
DISCUSSION
The present study provided two independent lines of evidence indicating a relationship between PAP and fiber-type distribution. The first evidence was that HPAP had a significantly greater percentage of type II fibers and a greater percent type II fiber area than LPAP. It is notable that, although PAP was a measure of the entire quadriceps, fiber-type distribution was determined in only one head of quadriceps, vastus lateralis. When this finding is considered along with the sampling error of determining fiber-type distribution from a single biopsy sample and the small number (4) of subjects per group, the large and highly significant group differences in percentage of type II fibers and type II fiber area are all the more remarkable.
The second evidence indicating a relationship between PAP and fiber-type distribution was the inverse correlation between PAP and pre-MVC twitch TPT found in the entire group of 20 subjects studied. Although TPT is an indirect measure of fiber-type distribution, there is the advantage that TPT, like PAP, is measured in the whole knee extensor muscle group. Our assumption that short TPT reflects a high percentage of type II fibers was supported by the HPAP-LPAP subgroup comparison in these measures; HPAP had both significantly greater percentage of type II fibers and shorter TPT.
Our findings in humans are in agreement with observations in small mammals (18) . In the latter, the greater potentiation in type II muscle fibers is associated with greater phosphorylation of myosin regulatory light chains (18) , the likely mechanism of potentiation (7, 26) . On the other hand, previous observations in humans are equivocal with regard to the correlation between potentiation and fiber-type distribution. Gastrocnemius, which has a higher percentage of type II fibers than soleus (2), has greater posttetanic twitch potentiation than soleus (28) . In the ankle dorsiflexors there is an inverse correlation between twitch rise time Values are means Ϯ SD. * P Ͻ 0.05, † P Ͻ 0.01, ‡ P Ͻ 0.001 for difference between LPAP and HPAP subgroups. and posttetanic twitch potentiation (19) . In contrast, no correlation was found between PAP in knee extensors and the percentage of type II fibers or amount of myosin phosphorylation in vastus lateralis; moreover, similar increases in phosphorylation in one fast and two slow myosin light chains were observed (25) .
In regard to the correlation between PAP and fibertype distribution, the contrast in results between the present study and the aforementioned study of knee extensors (25) is of interest because both studies used the same method for inducing potentiation (10-s MVC), recorded maximal twitch responses at the same joint angle (90°), evoked the first post-MVC twitch almost immediately after the MVC (2 vs. 5 s), and obtained biopsy samples from the same muscle (vastus lateralis). It is therefore difficult to account for the contradictory findings and conclusions of the two studies. Some differences between the studies can be identified, however. First, in a sample of 22 subjects, Stuart et al. (25) observed a mean (Ϯ SD) PAP of 60 Ϯ 10% (estimated from their Fig. 1, 90°angle) . The coefficient of variation [CV ϭ (SD/mean) ϫ 100], an indication of intersubject variability, was ϳ15%. In our study of 20 subjects, PAP was 71 Ϯ 23% with a larger CV of 32%. In the LPAP and HPAP subjects combined (n ϭ 8), mean PAP was 73 Ϯ 34% with a large CV of 46%. In the study of Stuart et al. (25) , the percentage of type II fibers was determined in 18 subjects; the mean was 47 Ϯ 6% with a CV of 13% and a range of 37-65%. In the present study, the corresponding mean in eight subjects (LPAP ϩ HPAP) was 55 Ϯ 19% with a CV of 35% and a range of 30-84%.
Thus, in both PAP and fiber-type measures, the present study had a greater range and/or overall intersubject variability. If a correlation exists between two variables, it is more likely to be revealed in subject samples with a larger intersubject variability and range. Therefore, our success and the previous study's failure to find a significant correlation between PAP and percentage of type II fibers may be partly due to our greater intersubject variability in both measures.
A second difference was that the present study used male subjects, whereas in the other study (25) all but 2 of 22 subjects were female. It is not clear how gender might have affected the correlation between PAP and fiber-type distribution. In ankle dorsiflexors, men and women had similar posttetanic potentiation, but the intersubject variability (CV ϭ 31 vs. 11%) and range were much greater in the men (20) . Therefore, the larger intersubject variability and range in PAP seen in the present study compared with the study of Stuart et al. (25) may relate partly to our use of men and their use of mainly women as subjects. On the other hand, there is no evidence that women have greater intersubject variability in fiber-type distribution (23) .
The third and perhaps most important difference between the studies was the selection of subjects for muscle biopsies. Stuart et al. (25) obtained muscle biopsies in 18 of their 22 subjects, whereas only 8 of 20 subjects underwent biopsies in our study. Furthermore, these eight subjects were the four with the lowest and highest PAP. The design ensured the greatest possible differences in PAP. Our plan was to obtain biopsy (Table 1 and Fig. 4 ).
samples initially on these eight subjects. If a strong trend toward a significant difference in fiber-type distribution was found, biopsy samples were to be obtained from additional subjects at the two ends of the distribution of PAP to increase statistical power. However, since the findings were so striking and significant even with subsamples of four subjects, it was considered unnecessary to subject additional individuals to biopsies. It might be argued that our design of performing biopsies on the subgroups with the highest and lowest PAP ''stacked the deck'' in favor of a correlation between PAP and fiber-type distribution. The counterargument is that our approach only ensured a large subgroup difference in PAP. If there was in fact no correlation between PAP and the percentage of type II fibers, we would not have seen the large and significant subgroup difference in percentage of type II fibers actually found.
When MVCs are used to induce PAP, the %MUA achieved during MVCs would be expected to affect the magnitude of PAP (30) . In particular, failure to fully activate high-threshold motor units composed of type II fibers would reduce the magnitude of PAP. In the present study, most subjects achieved a high level of motor unit activation, and there was relatively small intersubject variability. Probably as a consequence of this, no correlation was found between %MUA and PAP in the entire group of 20 subjects. In addition, HPAP and LPAP subgroups did not differ significantly in %MUA.
PAP is usually accompanied by a decrease in TPT and HRT (1, 8, 15, 16, 19, 22) , and this was also observed in the present study. Like the potentiation of twitch force, the decrease in TPT was more pronounced in the HPAP group, suggesting that this feature of PAP is also affected by fiber-type distribution. The mechanism responsible for the correlation between percent- Fig. 4 . A: effect of 10-s MVC on PAP of twitch peak torque in 5-min post-MVC period. There was a significant group ϫ time interaction (P Ͻ 0.001). * P Ͻ 0.05, significantly different from pre-MVC value. ଙ P Ͻ 0.01, significantly different from LPAP value. B: effect on TPT. There was a significant group main effect (p P Ͻ 0.05) but no group ϫ time interaction; therefore, no mean comparisons were made. C: effect on HRT. There was no significant group main effect or group ϫ time interaction. Values are means and SE. age of type II fibers and greater shortening of TPT (i.e., greater rate of twitch force development) is likely the same as for greater potentiation of twitch force; namely, greater phosphorylation of myosin regulatory light chains (27) . In contrast, the decrease in HRT was not greater in HPAP. Also in contrast to what was found for pre-MVC TPT, pre-MVC HRT did not differ significantly between HPAP and LPAP, and there was no correlation between pre-MVC HRT and PAP in the whole group or 20 subjects. In the human dorsiflexor muscles, there is a significant negative correlation between pretetanus HRT and posttetanic potentiation of twitch force, but the correlation is smaller than for TPT (19) . At present we cannot explain why no correlation was found between HRT and PAP in the present study or why HPAP and LPAP did not differ significantly in HRT. The difference in results between TPT and HRT may be related to the fact that TPT is influenced by the rate of release of Ca 2ϩ from the sarcoplasmic reticulum and/or its interaction with the regulatory protein troponin, whereas HRT is influenced by the rate at which the sarcoplasmic reticulum can sequester Ca 2ϩ .
As observed previously (11), we found an increase in the amplitude of the muscle compound action potential (M wave) after a voluntary contraction. Furthermore, the increase in M-wave amplitude was greater in the group (HPAP) with the greater PAP and higher percentage of type II fibers. The mechanism of M-wave potentiation is likely stimulation of the fiber membrane's Na ϩ -K ϩ active transport mechanism (17) . Therefore, probably some characteristic of type II fiber membrane properties, such as a greater density of Na ϩ -K ϩ pumps (6), may be implicated in the correlation between percentage of type II fibers and the amount of M-wave potentiation.
In conclusion, the present study has confirmed, in human skeletal muscle, the correlation between fibertype distribution and PAP that is well established in the skeletal muscles of small mammals. Two other features of PAP, namely, shortening of twitch contraction time and amplification of the muscle action potential, are also correlated with fiber-type distribution.
